By using specific primers, the 16s rRNA genes of Japanese mycoplasmalike organisms (MLOs) were amplified by polymerase chain reactions from MLO-enriched fractions of plants infected with each of six different MLOs. Each of the polymerase chain reaction fragments (length, 1,370 nucleotides) was directly sequenced in both strands by using 17 oligonucleotide primers. A phylogenetic tree constructed by using the sequence data showed that these Japanese MLOs are phylogenetically diverse microorganisms that fall into three groups, group I (onion yellows, tomato yellows, mulberry dwarf, and paulownia witches' broom MLOs), group 11 (tsuwabuki witches' broom MLO), and group I11 (rice yellow dwarf MLO). A high level of sequence homology (WO) between the Oenothera hookeri MLO and the severe strain of the western aster yellows MLO A 1361 -1360 4 96 4 98 4 90 4 91 596 596 598 590 591 696 696 6 98 6 90 6 91 7 96 796 7 98 7 90 7 91 8 95 8 96 8 97 889 8 90 9 95 996
on the one hand and group I MLOs on the other indicates that the 0. hookeri MLO and the severe strain of the western aster yellows MLO belong to group I and suggests that these MLOs, isolated from two geographically separated locations, descended from a very similar ancestor. Although group I contains phylogenetically identical MLOs, the organisms are transmitted by diverse insect vectors. The three MLO groups are more closely related to Acholeplasma hidhzwii than to Mycoplasma gallisepticum. Thus, although MLOs are phylogenetically diverse, they are evolutionarily distant from other mollicutes. These data, together with other information (including phylogenetic relationships, vector specificity, plant-pathogenic properties, and habitat in plant phloem sieve tubes), suggest that MLOs could be classified into at least three phylogenetic groups (groups I through 111).
The members of the class Mollicutes are a diverse group of procaryotes that are closely associated with humans, animals, plants, and insects (39) . These organisms differ from other procaryotes in their lack of a cell wall and their minute dimensions. They are thought to be the smallest self-replicating organisms. Their genomes range in size from 680 to 1,600 kb (36) . Previous analyses of 16s rRNA and 5s rRNA sequences have shown that members of the class Mollicutes are phylogenetically related to gram-positive bacteria (30, 40, 46, 48) . It has been postulated that the Mollicutes arose by degenerative evolution from clostridium-like ancestors. In addition to their rRNA sequence similarities, the Mollicutes resemble certain clostridia in the low guanine-pluscytosine (G+C) contents of their genomes.
Mycoplasmalike organisms (MLOs) morphologically resemble culturable mollicutes. They have been associated with numerous plant diseases in more than 300 plant species worldwide (31) . Recently, Lim and Sears (24) have suggested that the MLOs are related to the genus Acholeplasma. However, MLOs have not been cultured in vitro (18) , and the classification of these organisms has not been determined yet.
Historically, probable MLO disease etiology has been identified mainly by observation of MLOs in plant phloem tissues by electron microscopy. Plant-pathogenic MLOs have been classified historically by the symptoms that they induce in diseased plants and by the specificity of their transmission by insect vectors. Virescence MLOs and decline MLOs cause similar symptoms, including chlorosis, stunting, and shoot proliferation of the host plants. Determination of the plant host ranges of MLOs and the characteristics of vector transmission is time consuming and often * Corresponding author.
difficult. This dependence on biological and pathogenic characteristics in the classification of MLOs has caused confusion in the naming and differentiation of these organisms.
The need for a more precise and specific method for MLO classification led to the development of serological and DNA hybridization assays. In recent years, both polyclonal antisera and monoclonal antibodies have been used to detect MLOs in infected hosts by enzyme-linked immunosorbent assays (ELISAs) and immunosorbent electron microscopy (1, 29). Another approach for producing MLO-specific diagnostic reagents has been the molecular cloning of MLO chromosomal fragments extracted from MLO-infected plants (2, 3, 15, 21, 44) and from vector insects (12). These cloned DNA fragments have been used as hybridization probes to detect pathogenic MLOs in plants and insects and to study the genetic relationships among MLOs.
Differentiation of MLOs based on serological or genetic characteristics gives more reliable information for MLO taxonomy than differentiation based on the symptoms caused in infected hosts. Although use of these techniques allows relative comparisons and differentiation among MLOs, it does not permit identification of specific biological and phylogenetic positions of MLOs in relation to each other and other microorganisms. To address this problem, we performed a molecular phylogenetic analysis of the 16s rRNA genes of MLOs. To date, the 16s rRNA gene sequences of two MLOs have been determined (17, 24) .
In this paper we describe the development of a polymerase chain reaction (PCR) to amplify MLO 16s rRNA coding regions. The PCR fragments were sequenced and phylogenetically analyzed.
(A preliminary report of this study was presented at the Meeting of the Phytopathological Society of Japan, Tokyo, Japan, 28 May 1992.) The numbers of positions are the numbers in the 16s rRNA sequence of MLO group I ( Fig. 1 ).
Each melting temperature was estimated by multiplying the number of A + T residues in the sequence by 2°C and the number of G+C residues by 4°C and adding the two numbers.
MATERIALS AND METHODS
Sources of MLOs. MLO isolates were maintained by inoculation with insect vectors in greenhouse-grown host plants. The onion yellows MLO (OY-MLO) (32) was isolated from field-collected onions infected with the onion yellows organism in Saitama Prefecture. The OY-MLO was maintained in garland chrysanthemum (Chrysanthemum coronarium) and periwinkle (Catharanthus roseus) by inoculation with leafhoppers (Macrosteles orientalis). The tsuwabuki witches' broom MLO (TW-MLO) (9) was isolated from field-collected tsuwabuki (Farjkgium japonicum) infected with the tsuwabuki witches' broom organism in Miyazaki Prefecture. The TW-MLO was maintained by inoculation with leafhoppers (Scleroracus Jlavopictus) in tsuwabuki and garland chrysanthemum. The tomato yellows MLO (TY-MLO) (10) was isolated from field-collected tomatoes (Lycopersicon esculentum) infected with the tomato yellows organism in Hiroshima Prefecture. The TY-MLO was maintained in tomatoes and garland chrysanthemum by inoculation with the leafhopper Macrosteles orientalis. The rice yellow dwarf MLO (RY-MLO) (34) (vectors, Nephotettix cincticeps, Nephotettix nigropictus, and Nephotettix virescens) was isolated from field-collected rice (Olyza sutiva) infected with the rice yellow dwarf organism in Kagoshima Prefecture. The RY-MLO was maintained in rice plants (Oryza sativa cv. Koshi-hikari) by inoculation with green rice leafhoppers (N. cincticeps). The paulownia witches' broom MLO (PW-MLO) was isolated from Puulownia tomentosa infected with the paulownia witches' broom organism (vectors, Cyrtopeltis tenuis and Hulyomorpha mista) (4). The PW-MLO was maintained in paulownia trees. Mulberry (Moms bornbycis cv. Wase Midori) tissues were collected from healthy and mulberry dwarf MLO (MD-ML0)-infected mulberries (vectors, Hishimonus sellatus and Hishimonoides sellatifomis) (4). Healthy plants were also grown and used as controls.
Preparation of MLO-enriched fractions and DNA extraction for PCR amplification. MLO-enriched fractions from leaves, current shoots, and bark phloem of 1-year-old mulberry shoots infected with the MD-MLO were obtained by using a previously described procedure (12, 16). The best tissue source for the MD-MLO was established by an indirect ELISA performed with a newly prepared antibody from mouse ascitic fluid, using a previously described protocol (49) . Since the bark phloem of 1-year-old shoots showed the highest MLO concentration, it was used as the MLO source for woody plants (data not shown). For herbaceous plants, symptomatic young tissues were used. DNA was isolated from MLO-enriched fractions as described by Kuske and Kirkpatrick (16) . DNA extracted from healthy plants by the same extraction procedure was used as the experimental control.
Design of PCR and sequencing primers. A search was made for previously published sequence data for the 16s rRNA genes of the Oenothera hookeri MLO (0-MLO) (24), other culturable members of the Mollicutes, rickettsias, Escherichia coli, chloroplasts, and plant mitochondria and the 16s-like rRNA sequences of eukaryotes (35) in the GenBank data base (R. 68.0, June 1991) by using a Software Engineering DNASIS system (version 7.01; Hitachi, Tokyo, Japan). On the basis of the aligned 16s rRNA sequences found, a pair of PCR primers (SN910601 and SN910502) were synthesized (Table 1) which exhibited high levels of sequence homology to the conserved 16s rRNA sequences of various members of the Mollicutes. For sequencing, an additional 15 specific primers were synthesized (Table 1) and used with the above-described primer pair. Each primer was synthesized by using a DNA synthesizer (model 391; AF3I Japan, Tokyo, Japan).
PCR amplification and sequence analysis. Portions (approximately 8 ng) of DNAs extracted from OY-, TW-, TY-, RY-, MD-, and PW-MLO-infected and healthy plants were used as PCR templates. Amplification was performed in a 100-pl PCR reaction mixture containing 250 pM dATP, 250 pM dGTP, 250 pM dCTP, 250 yM dTTP, 1 pM upstream primer (SN910601), 1 pM downstream primer (SN910502) (Table l), 10 p1 of l o x PCR reaction buffer (Promega Corp., Madison, Wis.), 0.5 U of Taq DNA polymerase (Promega), and 100 p1 of light paraffin liquid (catalog no. 261-32GR; Nacalai Tesque Corp., Tokyo, Japan). The PCR was carried out for 50 cycles with an automated thermal cycler (model TR-100; Taitec Corp., Saitama, Japan) under the following thermocycling conditions: in the first cycle, denaturation for 90 s at 94"C, ramping over a period of 40 s to 60"C, annealing for 2 min at 60"C, ramping over a period of 30 s to 72"C, and extension for 3 min at 72°C; in the continuing cycles, denaturation for 2 min at 94°C; and in the final cycle, extension for 7 min at 72°C. The denaturing and annealing conditions were the same as those used for the first cycle (7, 41). As expected, the oligonucleotide primers amplified a 1,400-bp region comprising nearly the whole 16s rRNA gene.
PCR-amplified DNA fragments of the 16s rRNA were subjected to agarose gel electrophoresis. The 1,400-bp band was excised from the gel, recovered from the gel matrix by phenol extraction, ethanol precipitated, resuspended with a small amount of TE buffer, and stored in a freezer at -20°C until it was used (43) . Both strands of each double-stranded DNA fragment were sequenced by using a Sequenase kit (version 2.0; United States Biochemical Corp., Cleveland, Ohio), 3sS-dATP, and the primers shown in Table 1 . Manganese was used in the sequencing buffer to improve the extension reaction of the commercially supplied protocol (United States Biochemical Corp.) (46) .
Sequence alignment and tree construction. The sequences were aligned by using Hitachi DNASIS software. The initial alignment was refined on the basis of the predicted secondary structure of the molecules. The genetic distances of the sequences from each other were estimated by using the KUc values (11). A phylogenetic tree was constructed by the neighbor joining method (42), using Methanococcus vannielii as the root organism. Each confidence value was estimated by the bootstrap sampling method (100 replications) (6).
Nucleotide sequence accession numbers. The nucleotide sequences of the 16s rRNA genes from MLO group I (OY-, TY-, MD-, and PW-MLOs), MLO group I1 (TW-MLO), and MLO group I11 (RY-MLO) ( Fig. 1) have been deposited in the DDBJ, EMBL, and GenBank data libraries under accession numbers D12569, D12580, and 12581, respectively.
RESULTS
PCR amplification. The PCR amplified 1,400-bp fragments from plants infected with all six MLOs. These amplified DNA fragments were specific for each MLO disease and were not detected in healthy plant samples run in parallel. The amplified DNA fragments were confirmed to be specific for MLO-infected plants and homologous to the 16s rRNA genes of MLOs by Southern and Northern (RNA) hybridization (data not shown). These results confirmed that the PCR fragments contained the MLO 16s rRNA genes.
Determination and comparison of amplified MLO 16s rRNA sequences. The approximately 1,370-nucleotide sequence of each PCR fragment was determined by direct sequencing (Fig. 1 ) of both strands by using the 17 oligonucleotide primers (Table 1) . On the basis of the results of an extensive analysis (maximum matching and homology search) in which the DNASIS program was used, the six MLOs analyzed in this study could be placed into three groups, group I (TY-, OY-, MD-, and PW-MLOs; levels of homology with groups I1 and 111, ca. 89.4 and 89.8%, respectively), group I1 (TW-MLO; level of homology with group 111, ca. 93.3%), and group I11 (RY-MLO). The 0-MLO and the severe strain of the western aster yellows MLO (SAY-MLO), organisms described in the United States, had levels of sequence homology with group I of 99.8 and 99.7%, respectively.
The G+C contents of the 16s rRNA genes were calculated by using the sequence data (Fig. 1) . The G+C contents of our six MLO 16s rRNA genes (MLO group I, 47 mol%; MLO group 11, 45 mol%; MLO group 111, 45 mol%) were almost the same as the G + C contents of the 16s rRNA genes of the 0-MLO (48 mol%) (24), the SAY-MLO (47 mol%) (17) , and Mycoplasma gallisepticum (46 mol%) and significantly lower than the G + C contents of E. coli (55 mol%), Bacillus subtilis (55 mol%), and Anacystis nidulans (56 mol%). A search for sequences homologous to the sequences of the six MLOs was undertaken among all of the available rRNA (16s or 18s) sequences in the GenBank data base, especially the sequences of selected representatives that exhibit relationships in a dendrogram (Fig. 2) , including We compared the 16s rRNA signature oligonucleotides of MLO groups I, 11, and I11 with the signature oligonucleotides of the various members of the Mollicutes and other MLOs (0-MLO and SAY-MLO) ( Table 2) . The signatures were different among the groups, but the group I signature was identical to the 0-MLO and SAY-MLO signatures. As previously reported for the United States isolate (0-MLO) (24), Japanese MLOs are more closely related to Acholeplasma laidlawii than to Mycoplasma gallisepticum . Phylogenetic analysis. Significant differences were found in the 16s rRNA sequences of MLO groups I, 11, and 111. This suggests that there is phylogenetic diversity in the plantpathogenic, nonculturable MLOs. To find the phylogenetic position of MLOs relative to other members of the class Mollicutes, we analyzed the phylogenetic tree which we constructed by using these 16s rRNA sequences (Fig. 2) . Confidence values (>85%) for each branch suggested that the phylogenetic tree is reliable. The nucleotide substitution rate (kUc value) indicates that the rate of evolution is much higher in the MLOs than in B. subtilis and also higher in MLO groups I1 and I11 than in the 0-MLO, the SAY-MLO, and the MLO group I cluster (Fig. 2 ). The tree also shows clearly that MLO group I is closely related to the 0-MLO (24) and the SAY-MLO (17), while MLO group I1 is related to MLO group 111. Interestingly, this suggests that some geographically isolated MLOs may have evolved from the same or similar ancestors. These MLOs cluster nearkholeplasma laidlawii and Anaeroplasma varium. However, from the comparisons of oligonucleotide catalogs, MLO groups I1 and I11 are more closely related to Anaeroplasma varium than to Acholeplasma laidlawii. In contrast, MLO group I is more closely related to Acholeplasma laidlawii ( Table 2) .
DISCUSSION
MLOs have been suggested to belong to the class Mollicutes on the basis of such features as small genome size (600 to 1,200 kbp) (25, 36) and low G+C content (23 to 29.5 mol%) (25) . This suggestion was supported by the results of our phylogenetic analysis, which are also consistent with the results reported previously (14, 24, 26, 44) . It has also been suggested that the MLOs are members of the anaeroplasma On: Sat, 15 Dec 2018 12:28:36 clade including Acholeplasma laidlawii and Anaeroplasma variurn. This suggestion agrees with results of other phylogenetic analyses of 16s rRNA genes and ribosomal protein genes (17, 24, 26, 27) . Although the acholeplasmas and MLOs share common hosts (plants and insects), only MLOs are known to reside in plant phloem and have specialized cycles that alternate between sap-sucking insects and plant hosts. Also, MLO genome sizes are approximately one-half the genome sizes of Acholeplasma spp. (36) .
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Each primer used for PCR in our experiments had a high level of sequence homology with members of the Mollicutes, including members of the genus Spiroplasma, which are associated with plant diseases and arthropods (48) (e.g., Spiroplasrna citri, Spiroplasma kunkelii, and Spiroplasma phoeniceum). Spiroplasmas have reportedly been isolated from rice yellow dwarf (38) and several other diseases (5, 37), but these isolates may be from mixed infections of spiroplasmas and MLOs (13). None of our amplified fragments had spiroplasma 16s rRNA sequences. From these results, we could find no evidence suggesting that spiroplasmas play any role in the diseases examined in our study. This is the first study in which as many as six different MLOs were phylogenetically analyzed by sequencing their 16s rRNA genes. The Japanese MLOs were shown to be phylogenetically diverse microorganisms that fell into three groups. Lee et al. (20) , using specific probes, described three distinct genomic types in the aster yellows MLO strain cluster. On the basis of our results, this cluster should belong to group I, so that these genomic types may be subgroups of group I. We also analyzed other Asian MLOs and several other Japanese MLOs. Our results suggest that almost all Asian MLOs may belong to these three groups (32a).
Although all Japanese group I MLOs have the same 16s rRNA sequence, several of the group I MLOs are transmitted by specific leafhopper vectors (4, 10, 32) (see Materials and Methods). These observations suggest that insect specificity may involve comparatively recent evolutionary adaptations that have occurred in phylogenetically different MLO groups. However, many of the MLOs multiply in common plants, such as garland chrysanthemum or periwinkle. The results in this paper and our unpublished data (32) suggest that MLOs transmitted by the same vector (e.g., Macroste-Zes orientalis) have the same 16s rRNA sequence. Similarly, the group I1 MLO is transmitted by its own specific leafhopper vector that does not transmit group I MLOs and vice versa (9, 10). Since MLOs multiply in vector insects, the affinity of MLO and insect may be important at some hierarchical level for the classification of MLOs.
The MLOs which we used in this research (i) are pleomorphic procaryotes lacking a cell wall as determined by transmission electron microscopy (4); (ii) are found in plant phloem sieve tubes (4) and in general are associated with diseases producing decline symptoms (34) , yellowing of leaves, and/or developmental abnormalities (10, 32), particularly abnormalities in floral development (32) and meristematic activity (4, 8); (iii) are transmitted by phloemfeeding insects, such as leafhoppers (9, 10); (iv) are resistant to penicillin and highly susceptible to tetracycline (4); and (v) have small genomes (25, 36) and low DNA G+C contents (25) . DNA sequence analysis of these MLOs produced the following results. The 16s rRNA gene of the organisms in each MLO group has some of the unique or rare sequences present in the Mollicutes but lacks some of the highly conserved oligonucleotides found in many genera of the Mollicutes ( Table 2 ). The nucleotide substitution rate (KUc value) suggests that there has been evolutionary divergence of MLOs from other mollicutes (Fig. 2) .
Because the plant-pathogenic MLOs have not been cultured in vitro, their taxonomic placement has been delayed. The phylogenetic information provided by previous studies and the studies reported here indicate that these organisms should not be called MLOs, but that they are simply members of the class Mollicutes. However, it would be premature to suggest a formal nomenclature at this stage. The trivial name "phytoplasma" has recently been informally proposed for these organisms (8). Eventually, perhaps, species concepts for MLOs will be formulated, permitting these organisms to be given binominal epithets. However, until more information is available on specific separation or identification of these various plant pathogens, some type of informal and revisable grouping scheme, such as that proposed in this paper, is appropriate for classification. The substantial molecular data (19, 20, 22, 23, 27) now available, including our results, may provide important insights into ecological distribution (33) , taxonomy, and molecular diagnosis of MLOs (33) and in vitro culture. The presence (+) or absence (-) of a sequence in the 16s rRNA gene from an MLO was determined by comparison with existing oligonucleotide catalogs (-), very rare.
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